Group II introns are self-splicing RNAs that also act as retroelements in bacteria, mitochondria, and chloroplasts. Group II introns were identified in Escherichia coli in 1994, but have not been characterized since, and, instead, other bacterial group II introns have been studied for splicing and mobility properties. Despite their apparent intractability, at least five distinct group II introns exist naturally in E. coli strains. To illuminate their function and learn how the introns have dispersed in their natural host, we have investigated their distribution in the ECOR reference collection. Two introns were cloned and sequenced to complete their partial sequences. Unexpectedly, southern blots showed all ECOR strains to contain fragments and/or full-length copies of group II introns, with some strains containing up to 15 intron copies. One intron, E.c.I4, has two natural homing sites in IS629 and IS911 elements, and the intron can be present in one, both, or neither homing site in a given strain. Nearly all strains that contain full-length introns also contain unfilled homing sites, suggesting either that mobility is highly inefficient or that most full-length copies are nonfunctional. The data indicate independent mobility of the introns, as well as mobility via the host DNA elements, and overall, the pattern of intron distribution resembles that of IS elements.
INTRODUCTION
Group II introns are retroelements found in the genomes of bacteria, mitochondria, and chloroplasts (Bonen & Vogel, 2001; Belfort et al+, 2002 )+ Intron mobility occurs by site-specific insertion into defined target sites (retrohoming), or, at much lower frequencies, insertion into noncognate sites (retrotransposition)+ Group II intron retroelements consist of a self-splicing intron RNA structure, which encodes a multifunctional protein that facilitates intron splicing and intron mobility+ The intron-encoded protein is a reverse transcriptase (RT) containing the seven domains common to all RTs, but also contains a domain X that aids in splicing of the intron in vivo, and a Zn domain, which provides a nuclease activity used in mobility+ The mobility mechanism is well established and requires catalytic activities of both the self-splicing intron RNA and the intronencoded protein+ First, the intron reverse splices into the sense strand of the double-stranded DNA target site, and then the Zn domain cleaves the antisense strand and the RT reverse transcribes the intron using the cleaved DNA as a primer (Bonen & Vogel, 2001; Belfort et al+, 2002) + Group II intron retroelements were discovered relatively recently in bacterial genomes+ The first identification was achieved through PCR screening using degenerate primers (Ferat & Michel, 1993) , which identified introns in a cyanobacterium (Calothrix ) and a proteobacterium (Azotobacter )+ Because these bacteria are relatives of the ancestors of eukaryotic organelles, the finding suggested that mobile introns might have spread from bacteria to organelles+ By now, due to the many bacterial genomes sequenced, it is clear that group II introns are widely dispersed throughout the eubacterial kingdom (Martinez-Abarca & Toro, 2000b; Dai & Zimmerly, 2002) + Bacterial group II introns differ in several respects from organellar introns+ Unlike organellar introns, bacterial introns are not located in conserved genes, but are associated with mobile DNAs+ The bacterial introns are often inserted outside of genes, and one subclass of introns inserts exclusively after transcriptional terminators rather than into ORFs+ In contrast to organellar introns, all known bacterial group II introns encode RT ORFs and are either active retroelements or inactive derivatives+ Finally, over half of bacterial group II intron sequences are fragments, suggesting that the introns survive by constantly inserting into new locations rather than assuming a relatively stable position in a conserved gene, as occurs in organelles+ Together these observations led us to suggest that group II introns in bacteria are adapted to function mainly as retroelements (Dai & Zimmerly, 2002) + Group II introns were discovered in Escherichia coli in 1994, and were named IntA, IntB, IntC, and IntD (Ferat et al+, 1994 )+ Dot blot screening of strains of the ECOR collection indicated that only 18 of the 72 ECOR strains contain an intron+ Full sequence was initially reported only for IntB, with partial sequences reported for IntA, IntC, and IntD (Ferat et al+, 1994 )+ Subsequently IntD was sequenced independently in a Shigella pathogenicity island (Rajakumar et al+, 1997) , and in E. coli plasmid pB171, where it is associated with a second homing site (Tobe et al+, 1999 )+ A fifth intron was identified in the virulence plasmid of E. coli 0157:H7 (Burland et al+, 1998)+ A complete description of the five introns is presented in the Results section, where sequencing of IntA and IntC permits all five introns to be described together+ Also, in this article, to be consistent with our previous names for group II introns across species (Dai & Zimmerly, 2002) , we refer to the five E. coli introns as E.c.I1, E.c.I2, E.c.I3, E.c.I4, and E.c.I5 (instead of IntA, IntB, IntC, and IntD (Ferat et al+, 1994) and "unnamed" (Burland et al+, 1998) )+ It is striking that although E. coli group II introns were among the first bacterial introns discovered, no further work has been reported, presumably because they were not tractable genetically or biochemically+ Instead, the bacterial intron Ll+ltrB of Lactococcus has become the preferred system to study mobility and splicing (Bonen & Vogel, 2001; Belfort et al+, 2002 )+ In order to more fully understand the role and history of the five E. coli group II introns in their natural hosts, we have revisited the issue of their distribution among natural strains with a much more thorough analysis+ The data indicate that group II introns are more prevalent than previously realized and have a highly heterogeneous and complex distribution, with up to 15 intron copies present in some strains+ The introns appear to have spread among the population through a combination of independent mobility events and indirect mobility via their host DNAs+ In addition to illuminating the spread of these introns, this study should facilitate their experimental characterization in E. coli+
RESULTS

Completion of sequencing of two introns and description of all five
Full sequences of E.c.I1 and E.c.I3 were obtained by PCR amplification of the introns based on predicted flanking exon sequences and host strains (Ferat et al+, 1994) , followed by cloning and sequencing (see Material and Methods)+ Based on the completed sequences, all five introns can be described+ E.c.I1, E.c.I2, and E.c.I3 are related to each other and belong to the previously defined subclass "bacterial class D+" (Intron subclasses are based on phylogenetic groupings of the intron-encoded ORFs, but each subclass also has a distinct intron secondary structure; Toor et al+, 2001; Zimmerly et al+, 2001+) Typical of bacterial class D, the introns are IIB-like in RNA structure (Fig+ 1A, B) , and the ORFs lack a Zn domain+ Although the Zn domain is required for mobility of Lactococcus Ll+ltrB (Cousineau et al+, 1998) , many bacterial introns do not contain Zn domains and at least one of these is efficiently mobile nevertheless (Martinez-Abarca & Toro, 2000a)+ E.c.I1 and E.c.I2 are 67% identical in DNA sequence, whereas E.c.I3 is much less related, with 44% identity to E.c.I2 over its ORF+ E.c.I1 sequence from ECOR43 has a stop codon in RT domain 6 and a frame shift in domain X, suggesting loss of mobility and splicing functions+ E.c.I1 and E.c.I2 are inserted into an ISEc1 element, which is itself contained within an Recombination hot spot (Rhs) element (Ferat et al+, 1994 )+ ISEc1 was previously called an H-repeat, but has been renamed ISEc1 because of its resemblance to IS elements (Mahillon & Chandler, 1998 )+ The Rhs element is an ;6-kb DNA found in five copies in the sequenced K-12 genome+ There are at least eight varieties of Rhs elements (A-H), whose core sequences are .70% identical, but which differ in organization and lengths of spacer elements (Zhao et al+, 1993; Bachellier et al+, 1996; Wang et al+, 1998) + At the 39 terminus of most Rhs elements is an ISEc1 copy, which is flanked by 11 bp inverted repeats+ E.c.I1 is inserted 4 bp after the upstream inverted repeat, whereas E.c.I2 is inserted near the 39 end of the ISEc1 ORF+ E.c.I3 is also located in an IS element, IS679+ E.c.I4 belongs to the subclass "bacterial class A," and its only other relative is the essentially identical intron in the closely related bacterium Shigella (99+4% identity)+ A possible secondary structure is shown in Figure 1C+ According to information in the databases, the intron has two homing sites in IS629 and IS911 elements, which share only 60% identity (Fig+ 2D)+ (We use the term "homing site" to denote the insertion site for all five introns in this study+ Although homing has not been experimentally demonstrated, it is suggested because the introns are repeatedly found within the same flanking sequences+)
Finally, E.c.I5 belongs to "chloroplast-like class 1" and has a standard IIB1 intron structure ( Fig+ 1D Figure 1+ A: Flanking sequences for two full-length E.c.I1 introns and two fragments+ Sequence "a" is found for E.c.I1 in ECOR17, 22, and 67; sequence "b" is found in ECOR31 and ECOR43; sequences "c" and "d" are from intron fragments in ECOR11 (GenBank Accession No+ AF044503) and ECOR45 (Accession No+ AF044501), respectively+ The 11-bp inverted repeat of ISEc1 is underlined+ B: Flanking sequence of E.c.I2+ C: Flanking sequence of E.c.I3+ D: The two insertion sites for E.c.I4 in IS629 and IS911 elements+ The target sites share 60% identity between the typical homing site boundaries of Ϫ25 and ϩ10+ E: Flanking sequence of E.c.I5+
low in addition to the southern blots+) The presence and absence of intron-exon junctions for the two homing sites were confirmed by PCR for all six strains+ Bands other than 1+9 and 2+0 kb in the HindIII/PvuII lanes might represent intron fragments, introns inserted into polymorphic IS629 or IS911 sites, or introns inserted into a third homing site+ A potential third homing site suggested by a closely related intron fragment in Yersinia pestis (GenBank Accession No+ AF074611) was screened for with PCR, but the potential intronexon junction was not found (not shown)+ Additional unknown insertion sites were searched for using inverse PCR, but the only amplification product (ECOR38, EcoRV/PvuII digest) was found upon sequencing to be a polymorphic IS629 homing site+ Based on additional data below, it is probable that all bands of unexpected sizes in the HindIII/PvuII lanes are introns in polymorphic IS629 or IS911 elements, or intron fragments associated with IS629 or IS911 elements rather than introns in a third insertion site+
To determine whether intron-containing strains also contain unfilled homing sites, southern blots were stripped and reprobed with IS629 exon sequence (Fig+ 4B)+ Surprisingly, all strains except ECOR9 contain unfilled homing sites (456 bp) in numbers at least equal to intron-containing copies, based on hybridization strength (Fig+ 4B; Table 1 )+ Some bands other than 2+0 kb or 456 bp align with bands in Figure 4A (black round symbols), suggesting they are introns in polymorphic IS629 sites or intron fragments associated with IS629 sites+ For ECOR40, a single hybridizing band of unexpected size was confirmed by PCR to be a full-FIGURE 3. Southern blot strategy for determining intron copy number and homing site identity+ A: Intron copy number is inferred from a southern blot using an intron probe and a restriction digest that cuts outside of the host exons+ In this example, the EcoRI site is outside the host exon and is thus likely to produce a different band for each intron copy (star symbol)+ The homing site is determined using a restriction digest that cuts within the host exons, which will collapse all intron copies into a single band if they are located in the known homing site (asterisk symbol)+ Bands of other sizes are either intron copies in an unknown homing site, intron fragments associated with the known homing site, or introns in a known but polymorphic homing site (solid black bands)+ Quantitation of bands by phosphorimaging estimates copies represented by each band+ B: The number of filled and unfilled homing sites is determined by hybridizing the same blot with exon probe+ Unfilled homing sites are represented by a band of known size (open circle symbol), and introns in the known homing site are represented by the same band as in A (asterisk symbol)+ Bands of unexpected size that align in A and B are either intron fragments associated with the known homing site, or introns in a polymorphic but known homing site (solid black bands)+ FIGURE 4. Representative southern blots inferring intron copy number and homing sites for E.c.I4+ Restriction maps of filled and unfilled IS629 and IS911 homing sites are shown below (not drawn to scale)+ Complete data are summarized in Table 1+ A: Intron copy number and identification of homing sites+ Genomic DNAs of ECOR strains were digested with the indicated restriction enzymes and hybridized with an 849-bp E.c.I4 intron probe (black box in diagram below)+ Intron copy numbers are inferred from EcoRI/PvuII digests combined with phosphorimaging quantitation of bands in the EcoRI/PvuII and HindIII/PvuII lanes (estimated copies per band are indicated in the two lanes)+ The HindIII/PvuII digests identify introns in IS629 homing sites (2+0-kb bands; gray circle symbols) and IS911 homing sites (1+9-kb bands; gray square symbols)+ Thus, the example blots indicate that ECOR9 contains 8 intron copies, with 6 full-length copies in IS629 and 1 in IS911, whereas ECOR39 contains 15 intron copies, with 7 full-length copies in IS629 and 1 in IS911+ B: Filled and unfilled IS629 homing sites+ Blots from A were stripped (except in this example, the ECOR9 blot is new) and probed with a 200-bp IS629 exon probe (black box in diagram below)+ A 456-bp band (open circle symbol) indicates unfilled IS629 sites, and a 2+0-kb band in the HindIII/PvuII lane (gray circle symbol) indicates IS629 sites filled with intron+ Other bands aligning with A (black circle symbols) are inferred to be introns inserted into polymorphic IS629 sites or fragments associated with IS629+ Remaining bands are polymorphic IS629 copies or IS629 fragments+ Copy number estimates of intron-less IS629 sites were based on phosphorimaging quantitation of the 456-bp band relative to other bands in the HindIII/PvuII digest+ ECOR9 and ECOR39 are inferred to contain zero and seven unfilled IS629 homing sites, respectively+ C: Filled and unfilled IS911 sites+ Blots were stripped and reprobed with a 308-bp IS911 exon probe+ A 461-bp band in the HindIII/PvuII lane (open square symbol) indicates unfilled IS911 sites, and a 1+9-kb band (gray square symbol) indicates an IS911 site containing intron+ Additional bands aligning with A (black square symbols) are predicted to be intron fragments associated with IS911 sites or introns in polymorphic IS911 sites+ ;1 0 0
The strain from which the full-length intron was sequenced+ b The total number of intron copies as determined by phosphorimaging quantitation of bands in southern blots+ The copies are either full length or fragments+ c The number of introns inserted at the known homing site, as determined by southern blots+ The copies are probably full length+ d Probable intron fragments, judging from weakly hybridizing bands of unexpected sizes in southern blots+ e Sequence upstream of the inverted repeat of ISEc1+ "a" has no BLAST match in Genbank; "b" is 95% identical to RhsE (see Figure 2 )+ f The number of unfilled homing sites, as determined either by PCR (Ն1) or by phosphorimaging quantitation of bands in southern blots (specific number)+ g The complete homing site sequence is present; however, the upstream IS679 exon is truncated+ h Bands of unexpected size in southern blots that are probably either intron fragments associated with a known homing site, or full-length introns in a known but polymorphic homing site+ i Probable internal fragment truncated at both 59 and 39 ends+ j Either an intron fragment associated with an IS629 element or a full-length intron in a polymorphic IS629 site+ k The short size of the band in the southern blot indicates an intron fragment rather than a polymorphic site+ l PCR amplification and sequencing of flanks show that the single copy of E.c+I4 in ECOR 40 is a full-length intron in a polymorphic IS629 site+ m Either an intron fragment associated with an IS911 element or an intron in a polymorphic IS911 site+ n Intron is truncated at the 59 end+ 1300 L. Dai and S. Zimmerly length E.c.I4 copy in a polymorphic IS629 site+ Sequencing of one junction showed five polymorphisms out of 70 bp in the upstream IS629 exon, but no polymorphisms in the intron (not shown)+ The finding that there are many unfilled homing sites is surprising because intron homing in yeast, Lactococcus, and Sinorhizobium is quite efficient (Moran et al+, 1995; Mills et al+, 1997; Martinez-Abarca & Toro, 2000a )+ One would expect that, over time, all potential homing sites should be filled+ To confirm the sequences of the unfilled homing sites, the intronless sites were PCR amplified from ECOR10, 38, 39, 40, and 41, as well as ECOR20 and 24, which do not contain intron+ At least one clone from each strain was sequenced for at least 40 bp on each side of the intron insertion site+ All sequences were as expected from positions Ϫ35 to ϩ25 relative to the insertion site, although there were polymorphisms outside of this region+ Thus there are no polymorphisms that would affect intron insertion+ The fact that homing sites remain unfilled suggests that the introns are mobile at extremely low rates, that they are regulated to transpose under rare circumstances, or possibly that most intron copies are completely immobile due to nonobvious mutations+ Hybridizations with IS911 exon probe also showed unfilled IS911 homing sites for two strains (Fig+ 4C; Table 1 )+ Again, unfilled homing sites were PCR amplified and sequenced to confirm the absence of mutations in the putative homing site+ A summary of all information obtained for the E.c.I4 introns by southern blots and PCR experiments is presented in Table 1+ Finally, all 72 ECOR strains were tested for the presence of E.c.I4 by southern blots using a full-length intron probe that would detect all intron fragments+ We reasoned that because some strains contain up to 15 intron copies, the original dot blot experiments might have overlooked some intron copies+ In fact, all ECOR strains cross-hybridized with the full-length probe, although the six previously identified strains crosshybridized most strongly+ To confirm that the weak signals in most of the 72 strains are due to intron fragments or single intron copies, selected strains were screened by PCR to test for the presence of the first 794 bp of the intron (59 intron terminus), or the last 299 bp (39 intron terminus)+ Only 1 out of 11 strains tested contained the 59 intron terminus, whereas 8 of 11 contained the 39 intron terminus, strongly suggesting that the weak hybridization signals are fragments+ Southern blots of three strains showed that ECOR37, which contained both 59 and 39 termini according to PCR, does indeed contain a full-length intron copy, whereas ECOR14 and ECOR56, which contain only 39 termini by PCR, showed different signals of unpredicted sizes, and are likely nonidentical 39 fragments+ Consistent with the apparent prevalence of E.c.I4 fragments, the sequenced E. coli 0157:H7 genome contains a 76-bp fragment of the 59 terminus of E.c.I4, whereas the sequenced K12 genome contains a 1,758 bp fragment truncated at its 39 end by an IS5 copy+ Together, there are at least four forms of E.c.I4 fragments in E. coli strains+ In summary, E.c.I4 is much more widely distributed in E. coli strains than realized, with all strains containing at least a fragment of the intron, and a small proportion containing up to 15 copies of full-length intron in two natural homing sites+
E.c.I1
Five ECOR strains were previously reported to contain E.c.I1 (ECOR17, 22, 31, 43, and 67; Ferat et al+, 1994 )+ Based on southern hybridizations (not shown), each strain contains one full-length intron in the expected ISEc1 homing site+ In addition, each strain probably contains at least one fragment, as suggested by weak hybridizations of unexpected size (Table 1) + Interestingly, the intron insertion site is 15 bp from the 59 end of ISEc1, suggesting an abbreviated homing site extending to only Ϫ15 rather than the typical Ϫ25+ To investigate the boundary of the homing site, inverse PCR was used to obtain sequence of the upstream flank+ Two different 59 sequences were obtained+ ECOR17, 22, and 67 have an upstream sequence "a," which has no match in GenBank, and ECOR31 and ECOR43 have the sequence "b," which matches RhsE sequence (Fig+ 2A)+ Two more fragments of E.c.I1 were found in GenBank entries for ECOR11 and ECOR45, each with different upstream sequences (Fig+ 2A)+ Together, the four upstream sequences suggest no homing site conservation beyond Ϫ15, although it remains possible that the ISEc1 transposed after intron insertion+ All 72 ECOR strains were screened by southern blots with a full-length E.c.I1 probe, but because the E.c.I1 and E.c.I2 probes cross-hybridized, they will be discussed together below+
E.c.I2
Southern blots showed E.c.I2 to have a simple distribution in ECOR44 and ECOR47 (not shown), with each strain containing one full-length intron copy in the predicted ISEc1 homing site, and two (ECOR44) or three (ECOR47) intronless homing sites+ Intronless sites were sequenced and confirmed not to contain mutations preventing intron insertion+ Screening of the 72 ECOR strains with full-length E.c.I1 and E.c.I2 probes showed very similar signals due to cross-hybridization (67% identity overall, with scattered regions of .90% identity)+ DNA from 57 of the 72 strains cross-hybridized with both probes (see Fig+ 5)+ PCR screening of eight weakly hybridizing strains showed that all contain the 59 terminus of E.c.I1 but not the 39 terminus, whereas none contain the 59 or 39 terminus of E.c.I2+ Therefore (Hill et al+, 1995) , this might account for the hybridization in most strains+ Vertical inheritance of the fragments was supported by PCR screening for ECOR11-type or ECOR45-type fragments ("c" and "d" in Figure 2A ), which showed fragment "c" to be present in nearly all strains screened from subgroup A (Fig+ 5), whereas fragment "d" is present in nearly all strains screened from subgroup B1, and neither fragment is present in 11 strains tested from subgroups B2 and D+ A small degree of horizontal transfer of fragments might have occurred also, because there is one "d" fragment in subgroup A (ECOR6) and two "c" fragments in subgroup B1 (ECOR70 and 71)+ However, the E.c.I1 fragments in subgroups A and B1 did not originate from fulllength introns in the same subgroups because they have distinct upstream flanks+ This suggests that they are propagating independently from the full-length copies, possibly by ISEc1 movement or recombination events+
E.c.I3
Southern hybridizations showed a single copy of E.c.I3 in the expected homing site in ECOR9, 23, 24, 52, and 60, and a second copy in ECOR9, 24, 52, and 60 that is either an intron fragment or an intron in a polymorphic IS679 element+ ECOR17 showed a single weakly hybridizing band that is probably an intron fragment, which was supported by the failure to amplify either the 59 or 39 terminus of the intron (not shown)+ Unfilled homing sites were identified by PCR and southern blots, and all five strains that contain full-length intron were found to contain unfilled homing sites (Table 1) + Interestingly, although the unfilled homing sites in ECOR9, 23, 24, 52, and 60 are intact in the region of intron insertion, the upstream IS679 exon is truncated, suggesting that the intron might have inserted independently into the same truncated IS element+ Southern blots of all 72 ECOR strains did not identify additional copies of E.c.I3+
E.c.I5
E.c.I5 is present as a single copy in the virulence plasmid p0157 of E. coli 0157:H7 (Burland et al+, 1998 )+ Southern blot screening showed E.c.I5 to be present in 19 of the 72 ECOR strains (not shown), but they appear to be mainly fragmented forms+ Of 10 hybridizing strains tested, only 3 contain the 59 terminus (756 bp) according to PCR, and none contain the 39 terminus (192 bp), suggesting that nearly all hybridizations are due to internal fragments rather than full-length copies+ Southern blots with the three strains containing the 59 intron terminus (ECOR3, 28, 34) indicated identical fragments in all three strains, and PCR verified the expected upstream homing site sequence+ It is possible that a small set of fragmented forms of E.c.I5 has spread through the population via host mobile DNAs+
Inference of intron spread based on phylogenetic relationships of the ECOR strains
The ECOR collection represents natural diversity of E. coli strains (Ochman & Selander, 1984) , and has been used to examine distribution and spread of a number of elements+ Based on inferred relationships among the ECOR strains, Rhs elements were concluded to be inherited mainly vertically (Hill et al+, 1995) , whereas retrons appear to have invaded E. coli several times by sporadic horizontal transfers (Herzer et al+, 1990 )+ IS1, IS2, IS3, IS4, IS5, and IS30 have highly variable content among closely related strains, and their distribution has been explained by occasional horizontal transfers, probably by plasmid vectors, followed by multiple transposition events to amplify copy numbers (Green et al+, 1984; Sawyer et al+, 1987; Boyd & Hartl, 1997 )+ Group II intron distribution in ECOR strains is diagramed in Figure 5 according to phylogenetic relation-FIGURE 5. Phylogenetic distribution of the five group II introns in ECOR strains+ The phylogenetic tree was redrawn from Herzer et al+ (1990) and is based on neighbor-joining analysis of multilocus enzyme electrophoresis data+ Major groupings A, B1, B2, and D are shaded+ Numbers indicate intron copy number based on southern blots similar to Figure 4+ ϩ and Ϫ indicate the presence or absence of intron based on southern blot hybridizations with full-length intron probe (not shown)+ For E.c.I1 and E.c.I2, ϩ and Ϫ indicate that intron presence was confirmed by PCR, and question marks indicate the probable source of hybridization as described in the text+ Parentheses indicate weak hybridization+ (a), (b), (c), and (d) in the E.c.I1 column refer to upstream flanking sequence (Figure 2 )+ F1, F2, and F3 in E.c.I3 and E.c.I4, and E.c.I5 columns represent distinguishable forms of fragments, as judged by southern blots+ ships inferred by Herzer et al+ (1990) + Four basic groupings were specified based on multilocus enzyme electrophoresis data, with variable electrophoretic mobilities of enzymes used as phylogenetic markers+ An independent estimate of strain phylogeny using the same method is mainly consistent with these groupings (Selander et al+, 1987) , although the differences do not affect any conclusions discussed here+ Figure 5 suggests examples of both vertical and horizontal inheritance for group II introns+ Vertical inheritance is suggested by related strains that contain the same introns: E.c.I1 in ECOR31 and ECOR43; E.c.I2 in ECOR44 and ECOR47; and E.c.I4 in ECOR38, 39, 40, and 41+ In the ECOR38/39/40/41 group, copy number was apparently amplified after the initial introduction+ The fragment forms "b," "c," and "d" of E.c.I1 also provide an example of vertical inheritance, probably via the host Rhs elements with occasional losses+ Examples of horizontal transfers are suggested by sporadic distribution of introns in different ECOR subclasses: E.c.I1 in ECOR17, 22, 67, and 31/43; E.c.I3 in ECOR9, 23, 24, 52, and 60; E.c.I4 in ECOR9, 10, 37 , and 38/39/40/41+ Horizontal transfer of specific fragments is also likely for some E.c.I5 fragments+ Although it is not possible to exclude the spotty distribution as being due to vertical inheritance with frequent intron loss, vertical inheritance alone seems unlikely in light of known horizontal transfers of IS elements that are the intron hosts+ Horizontal transfers via host mobile DNAs also allows for specific forms of intron fragments to be propagated through a population (e+g+, E.c.I5 fragments)+
DISCUSSION
We have shown that group II introns are more prevalent in E. coli populations than previously realized, that they have highly variable composition in related strains, and that they are very frequently fragmented+ We propose that all five group II introns are active retroelements in E. coli despite their apparent experimental intractability, and that their distribution is due to a combination of horizontal and vertical inheritance for both full-length and fragmented forms of introns+
Comparison with RmInt1 distribution in Sinorhizobium meliloti
RmInt1 of Sinorhizobium meliloti is the only other group II intron to be investigated within a population (MartinezAbarca et al+, 1998; Muñoz et al+, 2001 )+ Like E. coli, RmInt1 is variable in copy number, with 0-11 copies in different strains; however, unlike E. coli introns, RmInt1 is quite prevalent, with most S. meliloti strains containing at least one full-length RmInt1 copy+ Interestingly, many intron-containing S. meliloti strains contain host IS elements unfilled with intron, as deduced from hybridizations (Martinez-Abarca et al+, 1998)+ Although the hybridizations were not determined to represent unmutated homing sites, the combined observations in S. meliloti and E. coli suggest that it may be common for intron-containing bacteria to contain unfilled homing sites+ Evidence for independent mobility of the introns Because all five E. coli introns are located in mobile DNAs, it has been speculated that their dispersal may rely on host element mobility rather than independent mobility (Ferat et al+, 1994 )+ Several observations in this study argue for independent mobility, the clearest being E.c.I4 composition in the ECOR38/39/40/41 grouping, in which each strain has a different intron composition+ Importantly, there are three distinguishable homing sites: an IS911 site, a IS629 site in ECOR9, 38, 39, , and a polymorphic IS629 site in ECOR40+ Therefore, E.c.I4 has inserted independently into new homing sites at least twice within the ECOR38/39/40/41 grouping+ The E.c.I4 composition in ECOR9 also supports independent mobility, because the intron is located in both IS629 and IS911 sites, whereas no related ECOR strains contain the intron+ Similarly, E.c.I1 appears to have independently inserted into four different ISEc1 homing sites (Fig+ 2A), although it is also possible that the ISEc1 element transposed after intron insertion+ For E.c.I2, E.c.I3, and E.c.I5, there is no information about exon polymorphisms, and therefore no direct evidence for independent mobility; however, their distribution suggests that they may also be independently mobile at some frequency+
How are intron fragments formed and propagated?
Intron fragmentation may occur by several mechanisms+ Based on analysis of group II intron sequences in GenBank (Dai & Zimmerly, 2002) , one common mechanism event is truncation through the insertion of other mobile elements+ For example, the E.c.I4 fragment in the K12 genome is truncated at its 39 terminus by the insertion of an IS5 element+ Other group II intron fragments are flanked by stem-loops, which might be forms of mobile DNA themselves, or might be formed during the truncation event+ Alternatively, fragments could be formed during intron insertion, with some 59 truncated fragments being due to incomplete reverse transcription, analogous to 59 truncations of non-LTR retroelements+
The prevalence of the intron fragments might be explained in two ways+ First, each fragment might represent an independent insertion and fragmentation event+ 1304 L. Dai and S. Zimmerly In this case, the large number of intron fragments would imply very frequent rates of mobility and fragmentation+ Alternately, intron fragmentation events might be comparatively rare, and specific subsets of intron fragments might propagate vertically with occasional loss, or horizontally via a host mobile DNA+ The most perplexing finding in the study is that almost all strains that contain full-length intron also contain unfilled homing sites+ Group II introns in other bacteria including Lactococcus (Ll+ltrB) and Sinorhizobium (RmInt1) are mobile in vivo at efficiencies of roughly 10-30% (Mills et al+, 1997; Martinez-Abarca & Toro, 2000a) and it would seem that, over time, all homing sites in E. coli should be filled+ The abundance of unfilled sites suggests either that the introns are mobile at extremely low rates, or that most intron copies are nonfunctional because of unrecognized mutations+ A similar unexplained observation has been noted for mobile group I introns, which also have not saturated their homing sites in natural populations (Edgell et al+, 2000) + One possibility is that many group II introns might be inactivated by mutations, as deleterious mutations are quite common among group II introns in many bacterial species (Dai & Zimmerly, 2002) , and one of the five E. coli introns clearly contains mutations in one strain (E.c.I1)+ Still, the other four sequenced copies appear functional, and it is questionable whether mutations are present in all cases (.50 full-length intron copies are present in strains with unfilled homing sites)+ A simpler explanation is that the introns are intrinsically mobile at extremely low rates (i+e+, lower than IS element mobility); however, such low mobility would not explain why some strains contain up to 15 copies of intron+ Amplification of introns via host IS elements is a possible explanation, but IS elements generally do not transpose frequently (Green et al+, 1984) + A third possibility is that the introns might be highly mobile during short periods followed by latency, as has been reported for the Sinorhizobium intron RmInt1+ Introduction of homing site into intron-containing Sinorhizobium strains results in homing efficiencies of ;10% within 24 h, but there is no further increase (Martinez-Abarca & Toro, 2000a)+ Possible conditions in E. coli that might regulate group II intron mobility include new introduction of either homing site or intron DNA into a cell, or environmental conditions such as starvation or stress+ Overall model for spread of the introns through the E. coli population Overall, we propose that group II introns have moved through populations of E. coli by a combination of sporadic horizontal transfers mediated by IS elements and plasmids, and vertical inheritance with amplification through homing+ Because the five E. coli introns are not closely related to each other, with the exception of E.c.I1 and E.c.I2, the introns must have been introduced several times into E. coli from other bacterial or organellar sources )+ After arriving in E. coli, the introns increased in copy number in a given lineage by independent homing into unfilled sites, or possibly by transposition of the host mobile DNAs+ Recombination and gene conversion are also possible mechanisms for intron amplification or rearrangement+ Rhs elements, for example, are suggested to be reshuffled through recombination (Zhao et al+, 1993 )+ The group II introns in E. coli also appear to have been exchanged horizontally among related strains and species, with both full-length and fragmented introns spreading via host mobile DNA elements+ Judging from the number of unfilled homing sites, the introns clearly are not mobile at high efficiencies, as can sometimes occur in other bacteria, but it remains possible that the introns might be mobile under specific conditions, or that a small fraction of intron copies might be highly mobile+ In this regard, E.c.I4 appears most promising for experimental characterization because it is the most prevalent, being found in all ECOR strains, and in one strain, ECOR9, all homing sites are filled by intron+
MATERIALS AND METHODS
Growth of E. coli and preparation of genomic DNA
The ECOR collection was obtained from Dr+ Ken Sanderson (University of Calgary)+ E. coli strains were grown under standard conditions in LB without antibiotics+ For preparations of genomic DNA, cells were grown to stationary phase, resuspended in TE (10 mM Tris, pH 8+0, 1 mM EDTA), and lysozyme was added to a final concentration of 1%+ Cells were incubated at 37 8C for 15 min, followed by addition of sarkosyl to a 1% final concentration, and proteinase K to 50 mg/mL+ The lysate was incubated at 60 8 for 3 h, and then the DNA was extracted by phenol, and precipitated by 0+6 vol isopropanol+ Samples were resuspended in TE and treated with 0+1 mg/mL RNase A and 0+05 mg/mL RNase T1 at 37 8 for 1 h, followed by phenol extraction, precipitation with isopropanol and 0+3 M NaOAc, and resuspension in H 2 O+ For some ECOR strains, 5 mM EDTA were included during cell lysis stages to inhibit endogenous nucleases, which allowed much better recovery of DNA+ PCR and DNA sequencing PCR was with either Taq (Invitrogen, Carlsbad, California) or Pfu DNA polymerases (Stratagene, La Jolla, California) ac-cording to the manufacturer's protocols+ Inverse PCR was according to Ausubel et al+ (1999) with digestion of genomic DNA with DraI, PvuII, and EcoRI+ Sequencing was done manually by standard methods, or by the DNA sequencing center of the University of Calgary+ Primers for inverse PCR for E.c.I1 were: 59-TGTCGGGGAGGTTCCGGTGGCCTACTC, 59-GCCTGCCACCATCTCTTCACAAGCTTATGC+ Primers to amplify homing sites were: E.c.I2: 
